ABSTRACT 3D microstructures partially covered by silver nano-particles have been developed and tested for surface-enhanced Raman spectroscopy (SERS) in combination with optical tweezers. The microstructures made by two-photon polymerization of SU-8 photoresist were manipulated in a dual beam optical trap. The active area of the structures was covered by a SERS-active silver layer using chemically assisted photo-reduction from silver nitrate solutions. Silver layers of different grain size distributions were created by changing the photo-reduction parameters and characterized by scanning electron microscopy. The structures were tested by measuring the SERS spectra of emodin and hypericin.
INTRODUCTION Optical tweezers are a robust tool for positioning and manipulating micron and sub-micron sized particles with emerging applications in the field of colloid sciences, biophysics and cell biology. During the last decade, optical tweezers were successfully combined with surfaceenhanced Raman spectroscopy (SERS), a highly sensitive technique for chemical analysis. [1] [2] [3] [4] [5] [6] [7] [8] SERS relies on local field enhancement due to plasmon resonances at nano-sized metal structures (present in colloidal suspensions 9, 10 or on solid SERS substrates [11] [12] [13] ), which leads to manifold Raman signal enhancement from molecules located near the metal surface. [14] [15] [16] [17] There are two approaches reported in the literature for combining optical tweezers with SERS detection. First, SERS-active metal particles can be directly trapped by laser tweezers. In the work by Svedberg et al. 1 a dual optical trap was used to create Ag particle dimers in a controlled way, which increased the SERS intensity by a factor of ~20. A SERS signal was also obtained from gold and silver nano-particle aggregates trapped in laser tweezers. 2, 3 In the second Page 2 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 approach, a SERS-active metal coating is created on micron-sized carriers that are manipulated by optical forces. Silver coated microspheres were tested as SERS substrates in optical traps 4, 5 and were used to detect SERS spectra from yeast cells. 6 Trappable SERS probes were also reported by Petrov and co-workers. Silica spheres modified with amino groups were partially covered with metal colloid particles and were used for localized drug detection in the outer cell membrane. 7 Using the same probes, the recoil effect (momentum transfer) of surface-enhanced Raman photons was observed. 8 Finally, these probes (even if not trapped) were applied for SERS studies of single DNA molecules, 18 diffusion measurements of drugs inside of cells, 19 and local pH detection inside of cells. The spherical tip on the right is used for SERS detection.
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The spherical SERS probes mentioned above can be prepared in a simple way and were proven to be useful in a series of experiments. However, there are some limitations connected to their applications. First, working with spherical shapes necessitates spatial overlap of the trapping and Raman excitation laser beams, which can cause unwanted heating of metal nano-particles. 21 This effect can in turn lead to degradation of the studied molecules. Second, to assure transparency of the spheres (needed for successful trapping), the admissible extent of metal coverage is Page 3 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 limited. 4, 7 The mentioned problems are eliminated using the microstructures proposed in this paper.
The novelty of the present work lies in development of optically trappable SERS sensors, where the trapping light is spatially separated from the Raman excitation. The basic idea is depicted in Figure 1 showing a microstructure composed of three connected spheres. The two spheres on the left side are used to trap the microstructure in a dual-beam optical trap, and the third one (on the right) is coated with a SERS-active metal layer. An additional laser beam is used to excite the SERS signal. The more complicated arrangement of these structures (as compared to spherical probes) puts greater demands both on the fabrication process and on the optical setup used for trapping. On the other hand, these drawbacks are compensated by having independent control of the trapping and SERS excitation laser beams. In many cases the laser power for Raman excitation can be orders of magnitude lower than the power needed for trapping. As a consequence, when working with the proposed arrangement the metal heating can be significantly reduced and the metal coverage of the SERS-active area can be increased (up to 100%).
3D microstructures of arbitrary complexity designed specifically for optical tweezer applications can be fabricated by laser-assisted two-photon polymerization (TPP). 22, 23 We reported on 3D microstructures covered with metal nano-particles recently. 24 Gold nano-particles were bound to 3D micro-tools following chemical functionalization of the used polymer, which resulted in uniform coverage of the whole microstructure surface. These systems were used for enhanced fluorescence observation but were not tested for Raman measurements. By contrast, silver photo-reduction is used in the present work to specifically cover a selected area of microstructures with a rough silver layer. The idea of making SERS-active silver nano-structures Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 by photo-reduction is not new. Photo-reduced silver nano-particles were deposited by other authors onto glass substrates [25] [26] [27] or silica nano-particles 28 and were used for SERS detection on cellulose 25 or textile surfaces. 29, 30 Positively charged silver nano-particles prepared by photoreduction were also reported. 31 To the best of our knowledge, this is the first time that this technique has been used for local silver deposition onto 3D microstructures.
EXPERIMENTAL

Materials
Silver nitrate (>99%), sodium citrate tribasic dihydrate (>99%), Triton X-100, emodin from frangula bark, hypericin, KNO 3 and dimethyl sulfoxide (DMSO, >99.9%) were purchased from Sigma Aldrich. Stock solutions of emodin (1.10 -2 M) and hypericin (4.10 -3 M) in DMSO were prepared. The photopolymer SU-8 2007 and its developer (mrDev 600) were purchased from Microresist GmbH, Germany.
Fabrication of microstructures
The microstructures were prepared by TPP on pre-cleaned glass cover slips of 170 µm thickness. 15 µm thick layers of SU-8 2007 were made on the cover slips by spin-coating (Specialty Coating Systems, P-6708). The polymerization was carried out with the system described elsewhere. 24 Shortly, the beam of a Ti:sapphire laser (pulse length: 100 fs, wavelength:
785 nm, Menlo Systems, C-Fiber A) was focused into the SU-8 layer by a 100× oil immersion objective (Zeiss Achroplan, NA = 1.25). The sample was translated in 3D with piezo translators Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 (Physik Instrumente, P-731.8L in X-Y and P-721.10 in Z). The applied laser power was 3 mW at the objective back aperture and the scan speed varied between 3 µm/s and 12 µm/s. 2d. The role of the shield was to avoid metal deposition onto the trapping spheres during the photo-reduction process (see below). Again, the shield was connected to the glass slide through a set of little posts (see Figure 2d ) and did not touch the microstructure itself.
Before the trapping experiments, the microstructures were submerged into water (containing 0.01 % v/v of Triton X-100 detergent) and were examined under an inverted microscope.
Individual structures were broken off the glass surface by a tipped glass needle moved with a micromanipulator. In the next step the free structures were loaded into a micropipette and were transferred to the sample cell used in the optical tweezers setup. The detergent prevented the structures from sticking to glass surfaces.
The laser tweezers setup
The microstructures were trapped and manipulated in a dual-beam optical tweezers equipped 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 through dichroic mirrors. These lasers were used to excite the SERS signal. The backscattered Raman signal was detected by a spectrograph (JobinYvon, iHR 550) equipped with a TE cooled CCD camera. Excitation and trapping wavelengths were blocked in front of the spectrograph by a set of notch and edge filters. 
Silver photo-reduction
The microstructure tips were covered by nano-structured silver layers using photo-reduction of silver nitrate solutions. The process was promoted by adding sodium citrate (a chemical reducing agent) to the solution, which increased the deposition rate. 32 Prior to the photo-reduction process the solution of silver nitrate (1.10 -3 M) was heated in a water bath while continuously stirring, and the sodium citrate was added (final concentration: 7. (f=200 mm) was inserted into the optical path focusing the laser beam at the back focal plane of the objective. As a result, silver deposition took place on a thin line in the sample plane. This way, three to five neighboring microstructures could be coated in parallel (see Figure 3 ). During the photo-reduction process, a metal layer also built up on the glass surface right above the irradiated tip; however, substantial silver deposition could be reached on the microstructure tip before the metal deposited on the substrate blocked the laser light. At the same time, it was critical to avoid metal deposition on the spherical parts of microstructures (used for trapping).
For this, the structures were equipped with protective shields shown in Figure 2d (see also Figure 3 ). These shields efficiently restricted metal particle access to microstructures. The upside-down arrangement avoided uncontrolled settling of large silver particles from the bulk solution to the microstructure surface. The setup allowed precise detection of the transmitted laser light. The power of the laser beam passing through the sample was measured by a power meter (Ophir Optronics Solutions, PD300-3W-V1). Thus, the thickness of the deposited silver layers was controlled by stopping the illumination at transmittance values of 20%, 30%, 40%, 50%, 60%, 70% and 80%. The prepared structures were washed with distilled water, dried and stored in a nitrogen atmosphere.
RESULTS AND DISCUSSION
Optical trap stability
The developed SERS probes trapped in dual-beam tweezers were positioned at specific locations inside the sample. When moving the microstructures in the buffer solution, the drag forces exerted by the medium were compensated by optical forces. The friction was minimized when the microstructure traveled along its axis. It was, however, critical to move the structures in the perpendicular direction, where the friction was the highest possible and the arising torque was to be canceled off, too. All this limited the maximal transport velocity at given laser power used for trapping.
The time-sharing dual optical trap was optimized for microstructure transport by setting unequal laser power (duty time) for the two traps. To treat the phenomena theoretically, the microstructures were approximated by a rigid assembly of three identical spheres connected through thin rods of negligible diameter (see Figure 4) . The ratio of the distance between the two trapping spheres to the overall length of the structure was assigned by β. For the sake of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 simplicity, we only considered constant velocity motion in the direction perpendicular to the microstructure axis and in parallel to the microscope slide. In first approximation the optical forces acting in the two traps (see F 1 and F 2 in Figure 4 ) are proportional to the displacements (y 1 and y 2 ) of the microstructure's spherical parts from the laser beam centers: F 1 =-A 0 αy 1 and F 2 =-A 0 (1-α)y 2, where A 0 is the trap stiffness corresponding to the total laser power. α and (1-α)
are the percentages of the total laser power belonging to trap 1 and trap 2, respectively. In small tilt angle approximation, the equilibrium equations for zero net force and zero net torque can be solved for y 1 and y 2 , resulting:
(1) forces act in opposition. This is unfavorable, as F 1 acts in the direction opposite to the motion.
Moreover, the microstructure has to be tilted (compared to the stationary state) during the transfer. The situation changes, when β > 0.5 and both F 1 and F 2 point in the direction of motion.
In this case the trap can be optimized for zero tilt angle by setting the right laser power ratio in the two traps, i.e. the value of α fulfilling condition: y 1 =y 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 tracking, and the difference values of y 2 -y 1 were determined for various α settings. The obtained data were compared with the theoretical α-dependence of y 2 -y 1 as calculated from (1) and (2).
The corresponding curves are plotted against α (for selected β values) in Figure 4 . To account for the non-ideal shapes of the used microstructures (other than the theoretical assumption) and the unknown ratio of F 0 /A 0 (see (1) and (2)), the measured data were multiplied with a constant so that the obtained points fitted one of the theoretical curves the best. This way an effective β was determined for each microstructure type studied.
It can be seen from Figure 4 that Type-B microstructures can be transferred without tilt (i.e. y 2 -y 1 =0) when using α of 0.15. The corresponding β eff is about 0.63. By contrast, Type-A microstructures can be characterized by β eff =0.35. In this case the tilt is unavoidable during the transfer. Finally, it is shown that an effective β (of 0.72) can be assigned also to Type-C microstructures even if these are not composed of three spherical parts.
As the larger aspect ratio β (i.e. larger distance between the trapping spheres) gives higher stability in the trap the dual beam optical tweezers was set to work with type-B and type-D microstructures in the remaining part of the paper.
SERS measurements
The quality of silver layers deposited to the microstructures was tested by measuring SERS spectra of emodin (1.10 -6 M) added to the buffer solution in the optical trap experiment. Emodin is an anti-cancer drug that was used previously by the Petrov group for testing optically trappable SERS probes. 7, 19 The excitation laser power (488 nm) was set to 0.02 mW. Emodin SERS spectra measured with spherical-tip (structure B) and pointed-tip (structure D) structures are shown in Figure 5a together with background spectra detected in the bulk emodin solution (curve 1) and with uncoated microstructures (curve 2). It can be seen, that the Raman signal was only 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 detectable in the presence of silver nano-particles, showing the importance of plasmonic effects for molecules adsorbed to the silver surface. There was no evidence of emodin photo-bleaching throughout the experiments. By contrast, the SERS intensity tended to increase gradually when the excitation laser irradiated the deposited silver layer (as it is discussed in more details in the next section).
In general, the spatial resolution of SERS measurements can be maximized when working with pointed tips. On the other hand, the available active SERS area is larger on the spherical tips which can be advantageous when the spatial resolution is of no concern. Indeed, the signal on the spherical-tip (type-B) microstructure was about two times stronger than the one measured with the pointed-tip (type-D) SERS probe -see Figure 5a . The observed difference can be attributed to a geometrical factor. The spot size of the used excitation beam exceeded the diameter of the pointed tip, thus the illuminated active SERS area was smaller here resulting in a weaker signal.
To estimate the sensitivity of the photo-reduced silver layers for SERS detection the observed Raman signal was compared with SERS spectra measured on conventional Ag-citrate colloid particles prepared by the Lee & Meisel method 33 (aggregated by KNO 3 at final concentration of 2.10 -2 M). The analytical enhancement factor of these colloids is usually in the range of 1.10 5 -1.10 6 as reported for different molecular dyes 14 and these colloids were used previously for emodin SERS measurements. 34, 35 The SERS signal of emodin (1.10 -6 M, at 1667 cm -1 ) detected on micron-sized individual colloid aggregates 36 settled to the bottom glass (not shown) was found to be 5 times larger (at average) than the one measured on spherical-tip micro-structures at same conditions. It is concluded that in case of emodin the SERS enhancement on the microstructure surface is only slightly lower than the enhancement reached on well-established colloid systems. The new structures were also tested for detection of the naturally occurring photosensitizer hypericin, which is studied extensively for its possible application in photodynamic therapy.
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The observed detection sensitivity is lower here (as compared to emodin) which can be partially due to reduced adsorption affinity of hypericin to the used silver surfaces. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 would be needed for satisfactory explanation of the observed dependence, which is beyond the scope of the present work. Finally, it is noted that in spite of working with protective shields (Figure 2d ), unwanted silver deposition was observed on the microstructure trapping spheres below 30% transmission of the deposited silver layer.
The effect of illumination
As mentioned in the previous section, the intensity of the emodin SERS signal tended to increase gradually between consecutive measurements when the excitation laser (488 nm, 0.02 mW) was continuously shining on the surface. More detailed analysis of the measured spectra revealed that the character of the measured SERS spectra was also changed. In Figure 7a Page 17 of 37 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the very first and the seventh emodin SERS spectrum (60 sec accumulation each) is shown as detected on a type-B microstructure with a 60% transmission silver coating. It can be seen that the extent of the intensity increase is not equal for all the Raman peaks. Figure 7b shows the increase of the SERS signal at 1667 cm -1 and the intensity ratio changes of the 931 and 900 cm -1
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The pH of the aqueous solution used in our experiments was measured to be 7.6. This value was close to the pK a constant for emodin deprotonation, reported to be 7.5, 35 or 8.0. 41 It follows that at our conditions, emodin molecules were present in the bulk solution both in neutral and anionic states. The spectra of Figure Silver nano-particles prepared in the presence of citrate usually carry a negative surface charge 36 which may hinder adsorption of emodin anions by electrostatic repulsion. Light-stimulated reduction of silver nano-particle negative surface charge (caused by photo-effect) was reported. 42 It is speculated that the same effect was responsible for the changes in surface charge and, in our case, the anionic emodin adsorption onto the microstructures. This was reflected in modified SERS spectra upon laser irradiation.
CONCLUSIONS
The present paper is a proof-of-concept for fabrication of optically trappable SERS probes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 of silver from silver nitrate solutions was successfully tested for localized deposition of SERSactive silver layers onto the microstructure surface. It was shown that silver nano-particles of different sizes can be prepared on the polymer surface by changing the parameters of the photoreduction process. The new probes were tested by measuring SERS spectra of emodin. Detailed analysis of the obtained spectral characteristics revealed that illumination of the silver nanoparticles by the 488 nm (0.02 mW continuous power) excitation beam changes the local surface conditions in a way that favors the adsorption of anionic emodin molecules.
The SERS micro-probes presented in this work can be applied in different microfluidic devices for targeted SERS measurements. Most of the previous works combining the SERS method with microfluidics focuses on detection of low concentration analytes in solutions. 43, 44 By contrast, the present probes give one an opportunity to move the SERS sensor to specific location inside of the sample. Moreover, the new SERS probes can be applied as disposables that are used for repeated measurements inside of the same microfluidic experiment. In this case the probes can be consecutively injected and transported to the area of interest.
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